Transcription factors from the family of Signal Transducers and Activators of Transcription (STAT) are activated by numerous cytokines. Two members of this family, STAT5A and STAT5B (collectively called STAT5), have gained prominence in that they are activated by a wide variety of cytokines such as interleukins, erythropoietin, growth hormone, and prolactin. Furthermore, constitutive STAT5 activation is observed in the majority of leukemias and many solid tumors. Inactivation studies in mice as well as human mutations have provided insight into many of STAT5's functions. Disruption of cytokine signaling through STAT5 results in a variety of cell-specific effects, ranging from a defective immune system and impaired erythropoiesis, the complete absence of mammary development during pregnancy, to aberrant liver function. On a molecular level, STAT5 has been linked to cell specification, proliferation, differentiation, and survival. Evidence is growing that the diverse outcomes of STAT5 signaling are not only determined by the expression of specific receptors but also by the interaction of STAT5 with cofactors and the cell-specific activity of members of the SOCS family, which negatively regulate STAT function. In this review, we focus on emerging concepts and challenges in the field of Janus kinase (JAK)-STAT5 signaling. First, we discuss unique functions of STAT5 in three distinct systems: mammary epithelial cells, hepatocytes, and regulatory T cells. Second, we present an example of how STAT5 can achieve cell specificity in hepatocytes through a physical and functional interaction with the glucocorticoid receptor. Third, we focus on the relevance of STAT5 in the development and progression of leukemia. Next, we discuss lessons derived from human mutations and disease. Finally, we address an emerging issue that the interpretation of experiments from STAT5-deficient mice and cells might be compromised as these cells might reroute and reprogram cytokine signals to the "wrong" STATs and thus acquire inappropriate cues. We propose that mice with mutations in various components of the JAK-STAT signaling pathway are living laboratories, which will provide insight into the versatility of signaling hardware and the adaptability of the software.
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Historical perspective
In 1994, Bernd Groner and colleagues (Wakao et al. 1994) , then at the Friedrich Miescher Institute in Basel, cloned a cDNA from lactating ovine mammary tissue that encoded a transcription factor promoting prolactininduced transcription of milk protein genes in mammary epithelium. The respective protein had been coined Mammary Gland Factor (MGF), implying specificity to the physiology of mammary tissue. However, based on its similarity to the family of Signal Transducers and Activators of Transcription (STAT), it was renamed appropriately STAT5. In 1995, three groups independently cloned the mouse homolog, now named STAT5A, and a closely related protein, called STAT5B (Azam et al. 1995; Liu et al. 1995; Mui et al. 1995) . It turned out that both STAT5A and STAT5B are widely expressed and activated by a plethora of cytokines, including prolactin (PRL), growth hormone (GH), erythropoietin, thrombopoietin, and several interleukins (ILs). Since the first publication in 1997 in these pages of mice that carried either an inactivated Stat5a (Liu et al. 1997) or Stat5b (Udy et al. 1997 ) gene, we have witnessed great advances in our understanding of how cytokines transmit their message and control physiology and pathophysiology. However, we are still far from understanding how a limited set of generic components can trigger specific events ranging from lactation to leukemia.
Background
STAT5A and STAT5B are two closely related members of the family of STAT proteins. STAT5A and STAT5B are 96% conserved at the protein level. The two proteins contain 793 and 786 amino acids, respectively, and the highest degree of divergence is found in the C-terminal transactivation domain. STAT5A and STAT5B are encoded by two genes located on chromosome 11 (in mouse) and chromosome 17 (in humans) in a locus that also contains the Stat3 gene.
STATs are the mediators of signals that emanate from cytokine receptors. Considered latent transcription factors, they are activated upon binding of a ligand to the receptor by phosphorylation of a critical tyrosine residue through Janus kinases (JAK). Activated STATs bind to specific DNA sequences, named GAS (␥-interferon-activated sequences), and initiate transcription of target genes. In the cytokine signaling pathway there are a large number of ligands and receptors that funnel into a limited number of transcription factors. STAT5 is implicated in a wide variety of signaling events foremost in the immune system, mammary epithelial cells, and hepatocytes.
Molecular structure of STAT molecules
All members of the STAT family share a highly conserved molecular structure. Structural studies of STAT1, the best understood member of the family, have revealed an N-terminal domain, followed by an ␣-helical coiledcoil and DNA-binding domain and a linker that connects to the C terminus. The C terminus contains the src homology 2 (SH2) domain, followed by a short region containing a tyrosine residue, which is critical for the activation by phosphorylation through JAKs and a transactivation domain, which is the most divergent part within the STAT family. The molecule contains two flexible loops, one between the N terminus and the core fragment and a second loop connecting the C terminus to the core. These loops are thought to allow conformational changes in the transition from the inactive to the activated state. The three-dimensional structure of an unphosphorylated STAT5A core fragment (residues 129-712) lacking 129 amino acids from the N terminus and the C-terminal transactivation domain revealed overall similarity to other STAT molecules (Neculai et al. 2005) . The N-terminal coil-coil domain forms a four-helix bundle followed by a ␤-barrel domain that connects to the ␣-helical linker and SH2 domain. The unphosphorylated STAT5A forms anti-parallel dimers in the cytoplasm through hydrophobic interactions of the four-helix bundle and ␤-barrel domains. Activation of STAT5A by tyrosine phosphorylation induces major rearrangement, a dissociation of the rather weak unphosphorylated dimer, and generation of phosphorylated dimers, which are formed through interaction of the SH2 domains. This conformation allows accumulation of STAT in the nucleus and binding to STAT response elements in DNA defined by a TTCN 3 GAA consensus sequence.
Mutating the Stat5a/b locus in mice
The genes encoding STAT5A and STAT5B are juxtaposed, and the transcriptional start sites are within 10 kb of each other. Their close relative Stat3 is located immediately downstream from the Stat5a gene. Although the Stat5a and Stat5b gene promoters might share certain regulatory elements, cell-preferential transcriptional patterns have emerged (Liu et al. 1995) . While STAT5A is the prevalent STAT5 protein in mammary tissue, STAT5B is more abundant in muscle and liver. Other tissues, such as heart and salivary gland, have an equivalent distribution of STAT5A and STAT5B. In 1997, mice with disabling mutations in the genes encoding STAT5A (Liu et al. 1997 ) and STAT5B (Udy et al. 1997) were reported. Mice lacking the individual genes were viable and displayed distinct defects. Loss of STAT5A resulted in impaired mammary development and differentiation during pregnancy. The absence of STAT5B led to stunted body growth. These gene-specific defects either reflect the tissue distribution of STAT5A and STAT5B or tissue-specific functions of the two proteins. In 1998, Teglund and colleagues introduced mutations in both genes in mice revealing redundant and nonredundant roles of both isoforms. However, immunological defects were not as severe as had been anticipated from mutations in receptors that signal through the JAK-STAT5 pathway. As it turned out, the gene targeting mutations resulted in translation of hypomorphic N-terminally truncated STAT5A and STAT5B proteins (referred to as STAT5 ⌬N ) that were able to form dimers but not tetramers. To overcome this potential problem, mice were generated that carried the 110-kb Stat5a/b locus flanked by loxP sites (Cui et al. 2004 ). This permitted Cre-recombinase-based complete deletion of both genes. These mice have been used extensively to explore cytokine-STAT5 signaling in specific cell types.
Mammary epithelium
The importance of STAT5A in the mammary gland is reflected in its original assignment as MGF, a transcription factor that stimulates prolactin-induced expression of mammary-specific milk protein genes (Fig. 1) . However, gene deletion revealed a much more profound role in mammary epithelial cells. Deletion of STAT5A (Liu et al. 1997) caused an attenuation of mammary alveolar development and milk secretion, while absence of STAT5B (Udy et al. 1997) did not affect mammary development. The introduction of mutations into both STAT5 genes had a much stronger effect, demonstrating some functional redundancy in this system Miyoshi et al. 2001; Cui et al. 2004) .
Complete null, hypomorphic (STAT5 ⌬N ), and conditional alleles were used to investigate the requirement for STAT5 signaling. Since the complete absence of STAT5 caused perinatal lethality (Cui et al. 2004) , mammary epithelial transplants into wild-type hosts were used to evaluate epithelial development in adult stages. STAT5-deficient epithelial cells were able to form simple ducts that grew at a normal rate. However, cell proliferation and alveolar development during pregnancy were severely impaired. By a conditional gene deletion approach, STAT5 was deleted before the onset of preg-nancy with Cre recombinase driven by the MMTV-Cre transgene (Cui et al. 2004) . This resulted in a phenotype similar to the one observed in STAT5-null epithelia. Females developed a ductal system in puberty, but alveolar development in pregnancy was inhibited, and dams were unable to rear litters. When STAT5 was deleted with a Cre transgene that is active only in epithelial cells that are differentiated and start to express milk protein genes, the loss of STAT5 caused rapid cell death. These results demonstrate stage-specific requirements for STAT5 for proliferation, differentiation, and maintenance of secretory mammary epithelium.
Signaling through the ERBB4 receptor also induces STAT5 phosphorylation, and deletion of a conditional Erbb4 allele in differentiated mammary epithelial cells inhibited cell proliferation and functional differentiation (Long et al. 2003) . Interestingly, ERBB4 signaling also induced phosphorylation of serine residues in STAT5A (Clark et al. 2005) . Phosphorylation of Ser 779 stabilized the interaction of STAT5A and ERBB4 and stimulated gene expression. Presence of the N-terminal Ser 127/128 residues was necessary for phosphorylation of the critical tyrosine at position 694 and for DNA binding of STAT5A. This raises the possibility that STAT5A activated by the ERBB4 pathway executes alternate functions by exhibiting different target gene selection.
Activation of STAT5A increases strongly in the course of pregnancy when levels of PRL and placental lactogens (PLs) rise to induce development of alveoli and transcription of milk protein genes. Both hormones activate the prolactin receptor (PRLR) and JAK2, and deletion of these genes resulted in the same inhibition of alveolar development (Ormandy et al. 1997; Miyoshi et al. 2001; Shillingford et al. 2002; Wagner et al. 2004; Sakamoto et al. 2007 ). The levels of PRLR seem to be the rate-limiting step since mice that only contain one Prlr gene displayed haploinsufficiency and were unable to nurse their litters (Ormandy et al. 1997 ). This system was used to study the distinct roles of Suppressor of Cytokine Signaling (SOCS) molecules in the negative feedback regulation of PRLR signaling. SOCS are a family of proteins that are induced by cytokines. They negatively regulate JAK-STAT signals by binding to cytokine receptors and the activation loop of JAK through their central SH2 domain. A short kinase inhibitory domain in SOCS1 and SOCS3 also interacts with JAK. All SOCS proteins contain a SOCS-box domain, which targets proteins for ubiquitination and degradation. It has not been resolved whether STATs or JAKs or both are regulated by this mechanism and to what extent it contributes to the regulation of STAT signaling in vivo. By genetic means, SOCS1 and SOCS2 were shown to balance STAT5 activation through the PRLR. Deletion of one Socs1 allele restored normal levels of STAT5A activity and corrected lactation failure in Prlr +/− mice (Lindeman et al. 2001) . Complete absence of SOCS1 led to precocious activation of STAT5A and accelerated alveolar proliferation and differentiation. Socs2 was identified as a direct target of STAT5A transcription in the mammary gland (Harris et al. 2006) . It also attenuated PRLR signaling, but deletion of both alleles was required for a rescue of development of Prlr +/− epithelium. Furthermore, absence of both Socs2 alleles did not affect mammary development (Harris et al. 2006) . The mechanisms underlying the inhibition of signaling could explain this difference. In contrast to SOCS1, SOCS2 does not contain the kinase inhibitor domain, which is thought to be involved in JAK inhibition. SOCS2 has also been shown to regulate signaling through the insulin-like growth factor 1 (IGF-1) receptor. Alternatively, the different behavior could also reflect partial redundancy or overlapping expression patterns of SOCS1 and SOCS2 during pregnancy.
Additional ways of regulating STAT5A activity in the mammary gland have been described. Access of JAK molecules to the receptors is affected by caveolins. These membrane-bound proteins interact with JAK through a caveolin scaffolding domain and attenuate kinase activity (Fig. 1) . STAT5A activity in mammary epithelium of caveolin-1-deficient mice was elevated and led to accelerated development and premature lactation in pregnancy (Park et al. 2002) . This indicates that prolactin signaling is enhanced. In addition, caveolin-1-deficient mice also displayed defects in innate immunity and inflammatory responses (Medina et al. 2006) . Secretion of inflammatory agents by macrophages was increased in these mice in response to bacterial pathogens, Figure 1 . Regulation of STAT signaling in mammary epithelial cells. Binding of prolactin (PRL) and placental lactogen (PL) to the PRLR or neuregulin1/neuregulin2 (NRG1/2) to ERBB4 activates the receptor-associated JAK kinase and induces the phosphorylation of STAT5A and STAT5B. Upon phosphorylation, STAT5 dimers translocate to the nucleus, where they bind to GAS elements and induce transcription of the genes encoding ELF5, SOCS1, SOCS2, and milk proteins. SOCS1/2 are recruited to the receptor and attenuate STAT5 signaling. Membrane-associated caveolin-1 modulates STAT5 activation by regulating JAK2 accessibility. The phosphatase SHP-2 regulates STAT5 phosphorylation by binding to the receptor and STAT5. ETS5 is a transcription factor in its own right that activates additional genes required for normal mammary function.
but the mechanism of this enhanced immune response is unclear.
STAT5 activity is also regulated by SHP-2, a SH2 domain-containing phosphatase that binds to activated STAT5. The outcome of this interaction seems to be dependent on the cell context. SHP-2 deficiency in mouse embryonic fibroblasts has been shown to result in prolonged STAT5A activity due to delayed dephosphorylation in the absence of SHP-2 activity (Chen et al. 2003) . A positive role for SHP-2 in the regulation of STAT5A activity in the mammary gland was reported recently. The viability and growth of pups nursed by SHP-2-deficient dams were impaired due to reduced development of the alveolar epithelial cell compartment of the mammary gland (Ke et al. 2006) . The levels of activated STAT5A in the gland during lactation were reduced. Association of JAK2 with the PRLR was also attenuated, suggesting that SHP-2 may regulate STAT5 activation on multiple levels.
In an attempt to identify genes that are targets of STAT5, Harris et al. (2006) compared the expression profile of transplanted wild-type and Prlr −/− mammary epithelial cells at early pregnancy stages. Among the genes that were differentially expressed, they identified the ETS family transcription factor ELF5 (Harris et al. 2006 ). This protein is induced in epithelial cells during pregnancy. Its function in the mammary gland has only been studied in heterozygous mice as Elf5 −/− embryos die at early embryonic stages. In Elf5 +/− animals, a similar reduction of alveolar development was observed as in Prlr +/− epithelial cells, implying an important role in development during pregnancy. Expression of ELF5 in Prlr −/− epithelial cells rescued development and milk gene expression, demonstrating that this transcription factor mediates a crucial function of STAT5A in mammary epithelium.
Hepatocytes
GH controls to a large extent the physiology of hepatocytes (for signaling diagram, see Fig. 2 ). Based on mice that carry various GH receptor (GHR) mutations (Zhou et al. 1997; Rowland et al. 2005) , Stat5b-null mice (Udy et al. 1997; Teglund et al. 1998 ) and liver-specific Stat5-mutant mice Engblom et al. 2007) , it can be concluded that the majority of the GH signaling is conveyed by the transcription factor STAT5B. Similarly, the glucocorticoid receptor (GR) controls numerous physiological parameters of hepatocytes (Tronche et al. 2004) , which overlap with those controlled by GH to a large extent. Recent studies (Engblom et al. 2007 ) demonstrated that much of the liver physiology controlled by GR and STAT5B depends on their physical interaction, which in itself controls the activation of very specific gene patterns. While STAT5 controls the PRL-induced proliferation, differentiation, and function of mammary secretory epithelium, its role in hepatocytes is confined to modulating cellular metabolism and the production of IGF-1, a key regulator of postnatal body growth.
Body growth
Severe growth retardation in humans as a consequence of GH insensitivity (GHI) was first reported by Laron et al. (1966) more than 40 years ago. Underlying mutations have been identified in genes that are at the core of GH signaling, namely, those encoding GHR, STAT5B, and IGF-1 (Rosenfeld et al. 2007) . No mutations in the JAK2 gene have been associated with GHI, possibly because loss of JAK2 would lead to fetal death due to impaired erythropoiesis, as has been shown in mice (Neubauer et al. 1998; Parganas et al. 1998) .
Lessons from mice
Evidence from mice and man has established that GHinduced postnatal body growth is mediated mainly by STAT5B, which controls IGF-1 gene expression in hepatocytes and muscle (Fig. 2) . While loss of STAT5A/B in hepatocytes resulted in reduced circulating IGF-1 levels and concomitant stunted growth (Engblom et al. 2007 ), loss of STAT5A/B from muscle abrogated local IGF-1 levels with only minor effects on circulating IGF-1 levels (Klover and Hennighausen 2007) . However, these mice had a reduced body size, thus confirming a critical role for paracrine IGF-1 in the muscle.
Evidence that STAT5B is the main mediator of body growth originally came from mice carrying either a nonfunctional Stat5a or Stat5b gene. Stat5b-null males but not females were reduced in size, demonstrating a sexual dimorphism of the mutation (Udy et al. 1997 ). In contrast, Stat5a-null mice exhibited normal body growth (Liu et al. 1997 ). Disruption of both Stat5 genes resulted in a more pronounced reduction of body growth in fe- males than in males , suggesting an additional role of STAT5A that was not seen in the Stat5a-null mice. The reduction of body growth in the Stat5-deficient mice was similar to that identified in GHR-null mice (Zhou et al. 1997 ) and mice that expressed a GHR mutant lacking STAT5 docking sites, but still retaining JAK2 activity and ERK signaling (Rowland et al. 2005) . Identification of functional GAS sites in the second intron of the IGF-1 gene (Woelfle et al. 2003) completed the link between GH and IGF-1 signaling in body growth. Additional support that GH-STAT5 signaling is critical for body growth came from Socs2-null mice. The elimination of this negative regulator of STAT5 caused gigantism (Greenhalgh et al. 2005) .
To clarify whether the GH-STAT5 axis controls postnatal body growth through liver-derived systemic IGF-1 or locally produced and acting IGF-1, the two Stat5 genes were specifically deleted either in hepatocytes Engblom et al. 2007) (Yakar et al. 1999 ). Engblom et al. (2007) observed growth retardation in both males and females as early as 2-3 wk after birth, which correlated with reduced circulating IGF-1 levels. Despite comparably reduced levels of circulating IGF-1, the study by Cui et al. (2007) did not observe reduced body growth. Since the two studies used Cre transgenes under control of different regulatory elements with different temporal activity, and possibly cell specificity within the liver, the exact contribution of liver-derived system IGF-1 in body growth is still not completely clear. Moreover, there may be differences in strain background. Deletion of the Stat5 genes from muscle tissue resulted in ∼20% reduction of body growth despite almost normal levels of circulating IGF-1 (Klover and Hennighausen 2007) . IGF-1 levels were greatly reduced in muscle only, and an additional paracrine function in muscle rather than an exclusive liver-derived regulation in body growth was suggested. Cui et al. (2007) found that the deletion of liver STAT5 resulted in impaired cell proliferation, development of fatty livers, and increased GH levels. This could be attributed to a reduced expression of Socs2 and aberrant activation of STAT1 and STAT3, leading to inappropriate transcription of STAT1 and STAT3 target genes as discussed in more depth below ).
Lessons from humans
The identification of disabling mutations in the STAT5B gene in six patients with severe growth retardation (Kofoed et al. 2003; Rosenfeld et al. 2007 ) conclusively established a central role of STAT5B in GH-mediated postnatal growth. Loss of functional STAT5B is associated with severe IGF-1 deficiency, further demonstrating that this pathway is responsible for most of the GH-induced IGF-1 production. Growth retardation in individuals carrying either STAT5B or GHR mutations was indistinguishable, demonstrating that in this case STAT5A could not compensate for the loss of STAT5B. In contrast to mice, where loss of STAT5B resulted in reduced size of males only, five of the six patients were females, suggesting that in humans, STAT5B does not display sexual dimorphism of body growth.
Unlike patients with the classical Laron syndrome (mutations in GHR or IGF-1), individuals homozygous for STAT5B mutations also displayed symptoms of immune dysfunction, such as severe eczema and herpes keratitis as discussed below (Kofoed et al. 2003; Hwa et al. 2005) . This is in agreement with the obligate role of STAT5 in the activation of regulatory T cells (Tregs) and the response to interleukins. Notably, Stat5b-null mice had profound defects in NK cells (Imada et al. 1998 ). However, loss of STAT5B function in humans does not necessarily associate with immunological problems as shown in one patient (Vidarsdottir et al. 2006 ).
STAT5 and regulatory T cells
Lessons from mice STAT5A and STAT5B play essential redundant and nonredundant roles in orchestrating immunoregulation and the development of immune cells. Notably, in the complete absence of STAT5, mice failed to develop T, B, and natural killer (NK) cells (Hoelbl et al. 2006; Yao et al. 2006) . Mice that express N-terminally truncated STAT5 displayed less severe immunological defects Moriggl et al. 1999; Sexl et al. 2000) . Recent studies have demonstrated that STAT5 is the critical link between the IL-2/15 and FOXP3 (Burchill et al. 2007; Yao et al. 2007) , the master regulator of regulatory T (Treg) cells (for signaling diagram, see Fig. 3 ). + Tregs suppress T-cell proliferation and function and thus restrict immune responses against self-and nonself-antigens. These cells express the transcription factor FOXP3, which has been recognized as an essential component for both Treg development and function (Fontenot et al. 2003 (Fontenot et al. , 2005b Hori et al. 2003) . Notably, FOXP3 is sufficient to convert CD25 − into CD25 + cells. While mice lacking IL-2R␣ (CD25) have slightly reduced numbers of Tregs (Malek et al. 2000) , the absence of the IL-2R␥c (Fontenot et al. 2005a ) and Il-2R␤ (Suzuki et al. 1995) chains resulted in greatly reduced numbers of CD4 + CD25 + Tregs and autoimmunity. The IL-2 and IL-15 receptors share the IL-2R␥c and IL-2R␤ subunits, and it is now accepted that both cytokines are redundant in the development of Tregs. Only the loss of both cytokines results in a loss of Tregs (Burchill et al. 2007 ). In complete and T-cell-specific Stat5-null mice, the reduction of CD25-and FOXP3-expressing cells was similar to that observed in Jak3-null and Il2r␥-null mice. Moreover, binding of STAT5 was detected to GAS sites in the promoter of the Foxp3 gene (Zorn et al. 2006; Burchill et al. 2007; Yao et al. 2007) , confirming a direct transcriptional regulation by STAT5.
Lessons from humans
The previously mentioned six cases with disabling STAT5B defects were not only characterized by stunted body growth, they also had a history of immunological dysfunction (Kofoed et al. 2003; Hwa et al. 2005; Rosenfeld et al. 2007) . Case 1 displayed low numbers of CD4 + CD25
high Tregs . Notably, these cells had low levels of FOXP3 and a diminished ability to suppress the proliferation of CD4 + CD25 − T cells. In contrast, there was only a modest impact on circulating CD4 and CD8 T cells, NK cells and B cells, suggesting that in these compartments, STAT5A and STAT5B are redundant. A second case, carrying a different disabling STAT5B mutation, presented itself with a moderate Tcell lymphopenia, diminished CD4 + CD25
high Tregs and very low numbers of NK cells and ␥␦ T cells (Bernasconi et al. 2006) , which is in agreement with lower NK-cell numbers in Stat5b-null mice (Imada et al. 1998) . Both the number and function of B cells were normal in this patient, suggesting a T-cell-restricted role for STAT5B. Two patients had decreased numbers of CD4 + CD25 high Tregs, supporting a role of STAT5B in IL-2-mediated accumulation of functional Tregs (Bernasconi et al. 2006; Cohen et al. 2006 ). These mutations may provide an inroad into a better understanding of the complex roles of STAT5 in regulating the development of the immune system.
STAT5, glucocorticoids, and metabolism
In a recent study in this journal, Günther Schütz and colleagues (Engblom et al. 2007 ) demonstrated that the physical interaction of STAT5 and the GR is required for many of the functions exerted by either transcription factor (Fig. 2) . Glucocorticoids execute the hypothalamus-pituitary-adrenal (HPA) axis and control homeostasis during physiological challenges. They bind to the widely expressed GR, which targets glucocorticoid response elements (GREs) and activates or represses transcription of target genes. In addition, GR can bind to other transcription factors and modulate their activities without interacting with GREs (Reichardt et al. 1998 (Reichardt et al. , 2001 . In vitro studies had demonstrated the binding of GR to STAT5A and pointed to a physiological significance in the expression of milk protein genes (Stocklin et al. 1996) . However, the deletion of GR specifically in mammary epithelium did not interfere with lactation (Wintermantel et al. 2005) , questioning an essential role of the GR in mammary function. Yet, deletion of GR from hepatocytes resulted in stunted body growth congruent to that observed in liver-specific Stat5b-null mice (Tronche et al. 2004) , suggesting a functional interaction between the two transcription factors. More than 40% of the genes whose expression was reduced in the absence of GR were also down-regulated in Stat5-null liver. Mice from which both GR and STAT5 were deleted from liver tissue further established that the transcriptionalactivating effect on a large set of genes was dependent on the presence of STAT5. Gene sets, which require GR-STAT5 interaction, included those controlling body growth and maturation. Gene sets repressed by the GR-STAT5 complex included those controlling fatty acid metabolism. GR was found to bind to the STAT5 N terminus, and the biological relevance was further established (Engblom et al. 2007) in Stat5 ⌬N mice . The GR-STAT5 interaction is a selective requirement for the activation of specific gene sets in hepatocytes, and it remains to be seen whether other cell types rely on this or similar interactions.
Cytokine-STAT5 signaling in pathophysiology
A variety of solid tumors, leukemias, and myeloproliferative disorders (MPDs) are characterized by the presence of constitutively active STAT5, which has been suggested to provide survival and proliferation stimuli and by that token may represent an attractive therapeutic target. Evidence is accumulating that the presence of STAT5 is required for the development of, at least, some tumors. The general topic of cytokine signaling in leukemia has recently been reviewed extensively (Van Etten 2007) .
Already a decade ago, activated STAT5 had been detected in BCR-ABL-induced chronic myeloid leukemia (CML) (Ilaria and Van Etten 1996) and was seen more recently in blast cells from patients with acute myeloid leukemia (AML) and acute lymphoid leukemia (ALL) (Van Etten 2007) . Notably, deregulated kinases, such as internal tandem duplication of FLT3 (FLT3/ITD), are responsible for the activation of STAT5. A subset of patients with chronic myelomonocytic leukemia (CMML) carries chromosomal translocations that result in TEL/ PDGF␤R fusion proteins with constitutive kinase activity. Recruitment of SH2-containing proteins, including STATs, results in their activation. Approximately 40% of patients with severe congenital neutropenia (SCN) carry mutations in the gene encoding the G-CSF receptor (CSF3R) that truncate part of the cytoplasmic domain of the receptor. Acquisition of these mutations is associated with constitutively active STAT5 and the development of AML and myelodysplastic syndrome (MDS) (Germeshausen et al. 2007 ). Lastly, the somatic activating mutation (V617F) in the JAK2 tyrosine kinase identified in the majority of patients with the MPD polycythemia vera (PV) has been associated with constitutive STAT5 activation (Wernig et al. 2006) .
Mice with targeted mutations in the Stat5a and Stat5b genes were instrumental in addressing the contribution of STAT5 in leukemia and solid tumors. Originally, the results from mice that still express N-terminally truncated STAT5 ) provided a mixed picture. While the development of the myelo-and lymphoproliferative disease induced by TEL/KAK2 was dependent on the presence of the hypomorphic STAT5 ⌬N (Schwaller et al. 2000) , another study suggested that STAT5 was not absolutely required for the induction of BCR-ABL-induced CML-like leukemia (Sexl et al. 2000) . More recent experiments with fetal liver cells from mice in which the entire Stat5 locus had been deleted strongly argued that the presence of STAT5 is also required for the development of leukemia upon introduction of BCR-ABL (Hoelbl et al. 2006) . Even in the absence of only STAT5A, a reduced incidence of CML was observed (Ye et al. 2006) , suggesting a dose requirement for tumor formation. Similarly, STAT5-null fetal liver cells were refractory to transformation by TEL-PDGF␤R in methylcellulose colony assays, and, again, a dose dependency was observed (Cain et al. 2007) . Studies with primary cells have demonstrated that the thrombopoietin-STAT5 signaling cascade is a critical regulator of normal hematopoietic stem cells (HSCs) (Kato et al. 2005; Seita et al. 2007 ) and possibly leukemic stem/progenitor cells (Schepers et al. 2007 ). In the mouse, expression of mutated Csf3R found in SCN led to a clonal HSC advantage, which again was dependent on the presence of STAT5 (Liu et al. 2008) . In contrast to its role as growth stimulator, in some instances STAT5A can be considered a tumor suppressor as proposed by a recent study on the tyrosine kinase NPM1-ALK in a subset of T-cell lymphomas ). It was found that NPM1-ALK epigenetically silences the STAT5A but not the STAT5B gene and that STAT5A itself can inhibit the expression of NPM1-ALK. As in these hematopoietic disorders, the presence of STAT5A, at least in mice, was also required for the development of oncogene-induced mammary cancers (Humphreys and Hennighausen 1999; Ren et al. 2002) .
There are some caveats to studies based on STAT5-null HSCs or progenitor cells as well as epithelial cells. Notably, HSCs lacking STAT5 are defective and severely impaired in their ability to repopulate bone marrow in a competitive setting (Li et al. 2007 ). It also cannot be excluded that secondary defects within HSCs or progenitor cells make them more refractive to in vitro transformation by certain oncogenes. Moreover, the jury is still out on whether the inactivation of STAT5 in an established tumor will result in its remission. Both of these issues can be addressed using mouse models in which STAT5 can be inactivated and reactivated at any given time during tumor development. At this point it is also not clear whether experimental loss of STAT5 will result in the activation of STAT3 (see below), which has been shown to contain potent tumor-inducing properties.
Loss of STAT5: filling the void
A central lesson of physics is that a vacuum is unstable and gets filled quickly. Similarly, deleting genes from the mouse perturbs the cellular balance, which has dual consequences. First, the absence of a protein will leave a void, and cells have to adapt to the presence of an altered balance of transcription factors. In addition, the absence of a transcription factor will potentially also disrupt downstream transcription pathways and, as in the examples reviewed here, the feedback of the signaling circuit (e.g., by SOCS proteins) is impaired (Fig. 4) . In many cases, the deletion of a gene will impair the viability of a cell and lead to cell death. STAT5, however, are mainly modulators of cellular functions and upon their loss many cells appear to adapt instead of undergoing apoptosis. It has become apparent that in the absence of one STAT protein, other members of the family can be recruited to their receptor-binding sites (Fig. 4) . Under physiological conditions, each cytokine receptor activates its preferred member of the STAT family, but it also has the ability to activate other STATs to some extent. While the GHR and IL-6R preferentially recruit STAT5 and STAT3, respectively, the interferon (IFN)-␥R activates STAT1. Deletion of STAT5 from hepatocytes resulted in an aberrant activation of both STAT1 and STAT3, which was accompanied by the expression of the corresponding target genes . Similarly, interferon treatment of STAT1-null cells resulted in the aberrant activation of STAT3 and its respective target genes, including Socs3 Ramana et al. 2001) , and loss of STAT3 led to an IL-6-induced activation of STAT1 and transcription of its target genes (Costa-Pereira et al. 2002) . A picture is emerging that in the absence of a given STAT member, receptors will recruit other STAT members instead. This will not necessarily result in compensation for the "lost" STAT, but might very well lead to a gain of function imposed by these "inappropriate" STATs with all its adverse consequences (Murray 2007) .
Loss of STAT5 in hepatocytes also resulted in reduced expression of its target genes Socs2 and Socs3 , which led to exacerbated STAT3 signaling through gp130-based receptors ( Fig. 2 ; Cui et al. 2007 ). Along the same theme, deletion of Socs3 from the mouse genome resulted in increased IL-6-mediated activation of STAT3 as well as STAT1 (Croker et al. 2003; Lang et al. 2003) . These observations are not artifacts confined to knockout cells in the mouse but have been found in humans as well. Notably, loss of STAT5B in patients resulted in an aberrant activation of STAT1 and STAT3 by GH and PRL (Kofoed et al. 2003) , raising again the possibility that some of the symptoms in these patients are due to a gain of function.
The road ahead
The overt logic and cell specificity are the main attractions of the JAK-STAT pathway. We are far from understanding the algorithms used by receptors to pick and choose among seven STATs. Structural biologists will provide answers to some of these questions. STAT3 and STAT5 convey a wide range of cell-specific functions, which cannot simply be explained by receptor specificity. Cell-specific post-translational modifications and interactions with cofactors will be part of the picture. In addition to their transcriptional function, STATs also provide a means to regulate chromatin structure (Ye et al. 2001 ) and possibly act as cytoplasmic platforms for other proteins. The greatest challenge might lie in unlocking the mystery behind the multiplicity and diversity of transcriptional outputs elicited by STAT5, such as milk proteins in mammary tissue and FOXP3 in Tregs. The integration of genome-wide chromatin immunoprecipitation (ChIP) assays with massive parallel sequencing (Robertson et al. 2007 ) will provide a microscopic view of genetic areas occupied by STATs in different cells and physiological and pathophysiological states. Mouse genetics has provided insights into genuine functions of STATs, and now the time is ripe for a more comprehensive experimental approach across disciplinary borders. Cell-specific cytokine signals result, at least in part, from the receptors that are expressed on a cell and the ligands it encounters. Each ligand binds to its cognate receptor and activates a specific STAT molecule, which then induces a particular set of target genes. Some of the target genes encode SOCS proteins, which exert a negative feedback regulation on the signals from the receptors. (B) Altered STAT signaling networks upon deletion of one family member. If one of the STAT family members is missing, inappropriate activation through binding of other family members to the receptor sites previously occupied by the original member may occur. This will induce a different set of target genes. In addition, reduced expression of SOCS proteins will lead to enhanced activation of signals from other receptors and contribute to a change in the cell's response. In the case of a loss of STAT5, both GH and PRL are able to activate STAT1 and STAT3, which results in the induction of respective target genes. Loss of STAT5 also results in reduced expression of its prominent target genes Socs2 and Socs3 and, as a consequence, the impaired negative feedback loops will further enhance STAT3 activation.
